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suMMARY

severalslurryandliquidfuelsweredeter-
combustor.A slurryproducedby quenching

vaporizedmagnesiumwithJT-4fueldemonstrateda reactivitygreaterthsm
thatofanyslurrypreviouslyevaluatedinthiscanbustor.

Neohexaneanda slurrycontaining60percentof18-micronma~esium
inneohexanehadthesameblow-outlimits.However,a slurrycontaining

d 60percentd thesame18-micronmagnesiumpowderinpropyleneoxide
yieldedblow-outvelocitiessubstantiallygreaterthanthoseforthe
propyleneoxidefuel.

d
A slurryof50percent,0.5-micronboron

velocitiesgreaterthanthose@ JT-4fuelat

INTRODUCTION

inJT-5fuelgaveblow-out
highequivalenceratios.

Inan effortto increaseaircraftrangeandjet-enginethrust,in-
vestigationswereconductedat theNACALewislaboratorytoevaluatethe
applicabilityofmetal-hydrocarbonslurriesasfuelsforram-jetengines
andafterburners.Thisevaluationof slurrieshasincludedbothexperi-
mentalandanalyticalstudiesas describedinreferencesI to8.

Fromresultsofexperimentalstudiesof stabilitylimitsandcombus-
tionefficiency,ithasbeenconcluded(refs.3 to 5)thatmagnesiumpow-
derofl-micronqveragepsrticlediameterorlessisperhapsthemost
satisfactorymetalslurrycomponentforimprovingenginethrust.How-
ever,largeparticle-sizemagnesium(approximately15micronsinav-
eragediameter)isstillof interestbecauseofavailability,handling
ease,safety,andfueldensitycharacteristics,ifefficientcombustion
canbe obtatied.Sincethereactivityoftheslurrydependsonthein-

. dividualreactivitiesofthecomponents,moreefficientcombustionofthe
metallicportionwouldbe promotedby a morereactiveliquidcomponent.
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Inadditiontotheinterestinmagnesiumforgreaterenginethrus-t,
attentionhasbeengiventotheuseofboron-hydrocarbonslurriesto
providegreaterflightrange.Unfortunately,however,thehightheoret-
icalheatingvalueperunitweightofboronslurrieshasnotyetbeen
attainedbecauseof inefficientcombustionrelativetoJT-4fuel(ref.
9). Forthisreason,reactivitiesofslurriesmadewithhigherpurity,
smallerparticle-sizeboronarebeinginvestigated.

Thespecificobjectofthisinvestigationwasto comparethereac-
tivitiesofseveralmagnesiumslurriesandtheirvehicles.Theslurries
differintermsofmagnesiumparticlesizeandvehiclereactivity.Blow-.
outvelocitiesina 1~-inch-diameterram-~etcombustor,asfunctionsof

equivalenceratio,weredeterminedforthefollowingslurryandliquid
fuels:a slurryproducedby quenchingmagnesiumvaporwithJT-4fuel
(ref.10); a slurrycontaining18-micronmagnesium(producedby gasatom-
ization)inneohexane;a slurrycontaining18-micronmagnesiuminthe
morereactivevehicle,propyleneoxide;neohexane;propyleneoxide;and

—

—

JP-4fuel. b addition,theblow-outvelocities
0.5-micronboroninJT-5fuelweredetermined.

APPARATUSANDPROCEDURE

Thecombustor,exhaust,andfuelsystemare
tailsofthecombustorareillustratedinfigure

ofa siwmycontaining

showninfigure1. De- *
2. .— -—

Thisapparatusandtheoperationalprocedureshavebeendiscussed
ina previousreportof investigationsofblow-outvelocitiesofvarious
fuelsinthe~inch-diametercombustor(ref.5). Somerefinementsof

theairatomizingfuelnozzlewereeffectedprevioustotheworkreported
herein.Theprimarydimensionsofthenozzleweremaintained;however,
thedesignchangescauseddefiniteshiftsigreferencecurvesforblow:.
outvelocitiesofJT-4andpropyleneoxidefuels.

Forthedeterminationoftheblow-outlimits,theatomizingairflow
washeldconstant,a steadyfuelflowwasti-titained,andthemainair
flowwassetlowenoughforignitionofthefuel-airmixtureandwasthen
graduallyincreaseduntilflamefailureoccurred.

—

Thevelocityatblow-outwascomputedfromtheairflowata refer-
enceareacorrespondingtothecombustor-chamberinlet(l&in.diam)with

atmosphericpressureandtemperatureassumed.Slurry-flowrateswere
determinedby multiplyingthemeasuredflowofJP-4fuelusedtodisplace s
theslurrybytheratioofthedensitiesofslurryandJT-4fuel. The
liquidfuelswerepressurizedwithheliumandtheirflowrateswere
measureddirectly. -—

IF... %#u%-
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Descriptionsofthepropertiesofthefuelsusedinthisinvestiga-
tionaregivenintableI.

●

RIZSUL!ll!SANDDISCUSSION

Limitationsofresults.- The$-inch-diameter

thisinvestigationisa fixedconfi~ation.It is...

combustorusedin

limitedto conditions

“

(suchas,temperature,pressure,velocity,fuelatomization,mixing,and
recirculation)whichrepresentonlya smallportionoftherangefor
practicaljet-engineoperation.Thesmall-scalecombustorma~ifiesef-
fectswhicharefunctionsofwallsurfaceperunitvolumeof combustor.
Forexample,radiationfromthewallathighcombustiontemperaturesis
an importantfactorinthecaseoffuelscontainingsolidparticles.
Thisinfluenceshouldcontributetotheinabilityofreactivemagnesium
slurriesto “blowout”at higherfuelrates.

Inanyevent,absolutecomparisonsof over-allpotentialsoffuels,
ornumerical”extrapolationsofperformanceto largercombustorsor jet
enginescannotbe supportedquantitativelybyblow-outvelocitiesdeter-
minedinthesmall-scalecombustor.Further,relativecomparisonsof
blow-outvelocitiesforfuelsofwidelydifferingphysicalamd/orchemical
propertieswouldnotbe as accurateas comparisonsoffuelswithsimilar
components,concentrations,andproperties.

Blow-outvelocitiesofthreemagnesiumslurriesendthreeliquid
fuels.- A comparisonoftheblow-outvelocitiesofthreemagnesium
slurriesandthreeliquidfuelsisshowninfigure3. DataforJP-4and
propyleneoxidefuelsarepresentedbecauserefinementsinthefuelcoz-
zleofthe1~-tich-dfaetercombustorcausedsignificantchangesinthese
referencecurvesrelativeto thosepresentedinreference5.

Theblow-outvelocitiesof theslurryproducedbyquenchingvaporized
magnesiuminJT-4fuelrepresentthemaximumreactivitydemonstratedby
anyfuelinthisccxnbustor.Theblow-outvelocityoftheslurryproduced
by quenchingvaporizedmagnesiuminW-4 fuelincreasedfrom57feetper
secondto over240feet,persecond,whileequivalenceratiodecreased
from0.43to 0.31.Reference5 showsthattheblow-outvelocitiesofa
slurrycontaining50percent1.5micronmagnesium(83percentpurity)in-
creasealongthelineofequivalenceratioof 0.46.

Thereductioninequivalenceratiowithincreasingblow-outvelocity
observedwiththevaporizedmagnesiumslurrycanbe causedby changesin
localoperatingconditions.Themorereactivefuelseffecta largegas-
streamtemperaturerisewithinthecombustionchamber.Thisrise,in
turn,resultsinan increasedmomentumpressuredropfromthecouibustor
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inlettotheexit,whichisopentoatmosphericpressure.Thehigher
combustor-inletpressurewillpromotemoreefficientburning,whichwill
causea greatertemperatureratiowitha correspondinglylargerpressure
drop,andtherebycausetheself-inducedsituationtoprogressforhighly
reactivefuels.

●

✎

b

Sincetheblow-outvelocityiscomputedat themeasuredairflow
assumingatmosphericpressure..andtemperatureat theinletofthecombus-
tionchamber,theactualvelocitycanbe considerablydifferentfromthe o
calculatedvalueatblowout. However,therelativetrendsofthedefined
blow-outvelocity-equivalenceratiorelationsforreactivefuelsstill $

providebasesfora comparisonofreactivity.

Theblow-outvelocitiesofneohexanefuelandtheslurrycontaining
60percent18-micronmagnesiuminneohexanelieessentiallyonthesame
curve.Thiseffectwascharacteristicofmagnesium-JP-4fuelslurries
whenlargeparticlesizeswereused(Unpublisheddata.).However,varia-
tionofparticle-sizedistributionfora givenaverageparticlesizecan
influencetheslurryblow-outvelocities.Sinceitappearsthatmagne-
siumburnsinthevaporphase(ref.11)andvaporizationrateisa func-
tionofparticlesurface(ref.12),theimportantparticle-sizeparameter

.—

forreactivityofmagnesiumslurriesissurfaceareaperunitweight
(orvolume).

J

A slurrycontaining60percent18-micronmagnesiuminpropyleneoxide r-
wasmadefromthesamemagnesiumpowderusedfor,themagnesium-neohexane
slurry.Relativeto thecurvesforpropyleneoxideandthemagnesium-
neohexaneslurry,theblow-outvelocitycurveshowninfigure3 forthe
magnesium-propyleneoxideslurryrevealsa markedsynergisticeffect.A
maximumblow-outvelocityof134feet~r secondwasreachedatan equiv-
alenceratioof1.9forthepropyleneoxidefuel. Ihthecaseofthe
magnesium-propyleneoxideslurry,a blow-outvelocityof177feetper
secondwasmeasuredatan equivalenceratioof0.95.Theblow-outveloc-
itytrendat thispointdoesnotindicatean immediateapproachtoa
maximum.

Thiseffectmayresultfromrapidevaporationandefficientburning
ofthepropyleneoxide,exposingthemagnesiumparticlestohighertem-
peraturesearlierh thecombustionprocess.However,theavailability
ofrelativelyreactiveo~gen inthethree-memberedringstructureof
propyleneoxidecouldprovideIncreasedpotentialforreactionofthe
metallicportionoftheslurry.

Whateverthemechanism,itappearsthatfurtherinvestigationof
slurriesinvolvingcombinationsofmetalsandpartialauto-oxidizingfuels
iswarranted. .

“
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Somefuelpropertiesof interestinadditionto thereactivityofa
fuelarestoichiometricfuel-airratio,specificgravity,andheatsof

. couibustion.ThesevaluesforJP-4fuelandforslurriesof 60percent
magnesiuminpropyleneoxideandinJT-4fuelaregiveninthefollowing
table:

—

Fuel toichiometricSpecific Heatsof combustion

JP-4

60PercentMg
inpropylene
oxide

60PercentMg
inJT-4

‘uel-airratiogravity,
gjcc

‘r

Btu/lb
fuel

0.068 0.76 U3,700

.183 1.21 1.1,600

.132 1.14 13,900

Btu/cuft
fuel

886,000

876,000

989,000

Btu/lbairat
stoichiomet-
ric

1270

2120

1840

L

Inpracticalapplication,thegreaterreactivitiesoftheslurries
● canproducehighercombustionefficienciesandwiderstabilitylimits

relativeto thoseofthe~--4fuel. Thiseffectwouldtendto shiftthe
heatsof cou.ibustiontowardvaluesmorefavorabletotheslurries.It isz alsopossibletoattainlevelsofheatliberationperpoundofairwith
slurriesthatareimpossiblewiththeJP-4fuel.

Blow-outvelocitiesofa 0.5-micronboron- JP-5slurry.- Blow-out
velocitiesfora slurryof50percent0.5-micronboroninJT-5fuelare
giveninfigure4. ThereferenceJT-4fuelcurvehasbeenincludedfor
comparison.Theb16w-outvelocitycurvefortheboron- JT-5fuelslurry
extendsabovethatoftheJP-4fuelathighequivalenceratios.!l!his
indicatesimprovedreactivityby comparisonwithpreviouslytivestigated
boronslurries(ref.5). References5 to 7 predictthatmaximumblow-out
velocitiesforJT-4andJT-5fuelsshouldnotbe measurablydifferent.

CONCLUDINGRE14&RW

Theblow-outvelocitytrendsofa slurryproducedbyquenchingva-
porizedmagnesiumwithJP-4indicatea reactivitygreaterthananyslurry

thathasbeenevaluatedpreviouslyinthel$inch-diametercombustor.
Thisresultagreeswithpreviousstudiesthatpredictgreaterreactivity
withdecreasingmagnesiumparticlesizeinslurries.

“
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Theblow-outvelocitylimitsoftheneohexanefuelanda sl~ry of ‘~
18-micronmagnesiuminneohexanewerethesame.A slurrycontainingthe ,._
same18-micronmagnesiumpowderina propyleneoxidegavea blow-out
velocitycurveconsiderablyhigherthantheoneforpropyleneoxidefuel.

Theseresultssuggesttheuseofreactiveliquidcomponents(with
groupsthatcanactas oxidizingagents)to improvetheperformanceof
slurriesmadewithlessreactivemetalliccomponents.

Itshouldbenotedthatno studyofthestoragestabilityofthe s
propyleneoxide-magnesiumslurrywasmade. Certainly,theuseofanhy- 8
drouspropylene‘oxidewould%emandatoryintheproductionofsucha
slurry.Anyattempttoproducea similarslurrywithsmallparticle-
size,reactivemagnesiumshouldbe madewithextremecaution.

Theapplicationofa morereactiveliquidvehicletoboronslurries
—

mayoffera meansof improvingtheirreactivity.Whiletheblow-out
velocitiesofthe--slurrycontainingO.S-micronboroninJP-5fuelwere
greaterthanthoseoftheJP-4fuelathigherequivalenceratios,a means
of increastigstabilitylimitsandcombustionefficienciesofsuchslur-
riescertainlyisdesirable.

●

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics k

Cleveland,Ohio,December15,1954
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TABLE1. - FUELSANOFUELPROE!ERTIES

Fuel Po+der Powder Remarks
particle purity,
size, percent
microns byweight

MIL-F-5624B ---- ---- JP-4(jrade

Propyleneoxide ---- ---- Technicalgrade

Neohexane ---- ---- Technicalgrade
,

60Percentmagnesium a18 94 No additive
inneohexane

60Percentmagnesium a18 94 No additive
inpropyleneoxide

50Percentboronh ao.s 88.7 1.5Percent&672d
JT-5fuelc

50Percentvaporized bl 81 2.3PercentG-672d
magnesiuminJT-4fuel

aAverageparticle-sizedesignationsweredeterminedby FisherSub-
SieveSizer(anairpermeabilitymethod).

bMicroscopicexamtiationshowedmostparticlestobe lessthan1
micronindiameter.

cThepropertiesofthefueldesi~ted as TP-5confo~to specificat-
ion MIL-F-5624B,ammencbnent1.

%-672 isa commerciallysurfaceactiveAgentcontainingglycerol
sorbitanlaurate.
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